Abstract-A novel cross polarized compact antenna system is proposed for Ultra Wide Band communications. It also covers the sub-6 GHz band for initial 5G launch. The overall antenna system is a distinctive combination of Multiple Input Multiple Output (MIMO) antenna system covering radio frequency (RF) band starting from 2 GHz to 12 GHz. This MIMO system consists of two F-shaped monopoles with slotted fractured ground planes. The two antennas are fabricated back to back with 90 degree difference. The overall volume of the MIMO antenna system is 14 mm × 14 mm × 0.25 mm. Due to its very compact design, it is suitable for mobile phones and other hand-held devices. The peak measured gain has been achieved as 4.8 dB, and the measured far field patterns are nearly isotropic. Envelope Correlation Coefficient (ECC) and Gain Diversity are presented for the proposed MIMO antenna system.
INTRODUCTION
In recent years, an exponential increase in data rate is required by new generation of smart phones and a range of other hand-held wireless devices, which has given rise to new challenges for communication system industry. Long term evolution (LTE) in 4G commercial services is at the brink of meeting these new high data rate requirements. Currently, in order to overcome this problem the industry is launching a sub-6 GHz, 5th Generation (5G) mobile devices, whereas it is planned to use existing LTE network, and later on it will shift to millimeter band (28 GHz to 85 GHz) by 2020 [1] [2] [3] [4] .
By aiming this new challenge of increasing data rate, a novel 2 × 2 UWB-MIMO antennas system for mobile devices is presented in this article. It has been designed, fabricated and tested to evaluate and conform its performance. The designed antennas system covers the radio frequency band from 2 GHz to 12 GHz, which meets IEEE 802.11 a/b/g/n/ac standards including sub-6 GHz 5G bands. Furthermore, this compact UWB-MIMO antenna system satisfies the operating regulations of Federal Communication Commission (FCC) for UWB communication systems [5, 6] . This designed antenna system, due to its very compact design, stands out as an ideal candidate for the use in UWB, Wi-Fi and sub-6 GHz, i.e., 5G mobile devices.
At present, MIMO antenna systems are vastly used in wireless devices to increase data rate [7, 8] . Recently, the UWB and MIMO technologies are integrated together in wireless devices to increase the channel capacity in multipath propagation environment [9] [10] [11] [12] . Among many challenges, a big challenge has been faced while designing the MIMO systems is its large volume which helps in reducing the coupling between antennas. Reduction in inductive coupling of antennas can be achieved by enlarging the distance between antenna elements hence resulting in increased volume of antenna system [13] . An alternative way to achieve reduced values of coupling between antenna elements is to incorporate cross polarized antenna geometries [14, 15] . Polarization diversity results in complex antenna designs leading to compact antenna volumes [16] [17] [18] [19] [20] [21] .
This paper presents the use of polarization diversity technique to achieve compact design of the antenna system. The design consists of two 'F' shaped antennas using slotted fractured ground planes. The two antenna systems are fabricated in a back to back configuration but having cross polarized symmetry.
ANTENNA DESIGN METHODOLOGY AND PARAMETRIC STUDY
This section presents antenna design methodology which is followed by a parametric study.
Antenna Configurations
Geometrical arrangement of the antenna under consideration and design parameters for dual-port UWB MIMO are shown in Figure 1 . It comprises two printed monopoles on the opposite sides of a low cost FR4 substrate having relative permittivity (ε r ) value of 4.6, and loss tangent (tan δ) value of 0.0025. The slotted ground planes were imprinted on opposite sides of the same substrate. The overall achieved measured dimensions of the proposed UWB MIMO antenna were only 14 × 14 mm 2 . The dimensions of radiator elements and ground planes are detailed in Table 1 . Generally in the case of a UWB antenna, obtaining a compact size and cutoff frequency in lower region, i.e., 3.1 GHz, is basic requirement. In order to fulfill these requirements, an appropriate radiating structure becomes a necessity. In this work, a monopole structure has been selected to develop a reduced UWB MIMO system. In the case of monopole, the resonance frequency in lower region can easily be obtained by using the following equation [22] :
In Equation (1), l 1 and l 2 denote ground plane (Grd l = 10 mm) and radiator patch length (Sub w = 14 mm), respectively; A 1 is the ground plane area; and A 2 is the radiation patch area, while g (thickness of substrate 0.25 mm) is the gap between radiation patch and ground plane. The radiating patches of the proposed UWB MIMO antenna system are designed in an F-shape having central rectangle of length 7 mm and width 5 mm. The two radiators were etched on the opposite sides of substrate. The radiators are fed with step-shaped microstrip having feedline size of feed l × feed w1. A step feed w2 (0.8 mm ×1 mm) has been created in the feed line to improve impedance matching. Modified ground planes (Grd l× Grd w) were also etched on the opposite sides of antenna substrate. In order to improve the matching and increase the operating bandwidth of the proposed antenna small notches of size Grd cut w× Grd cut l are etched on both the ground planes. As the two radiators are on the opposite sides of antenna substrate and have separate ground planes, mutual coupling is quite low within the whole band of operation.
The presented antenna design results from evolution of different geometries as shown in Figure 2 . In Figure 2 , Antenna i shows a step feed line which feeds a rectangular radiating element on one side of antenna substrate while the modified plane of ground as shown in Figure 4 (Ground iii) has been etched on the other side of the substrate. It can be observed from Figure 4 that with this type of configuration, the required UWB bandwidth could not be achieved. Therefore, the radiator was modified by decreasing its size as depicted in Figure 2 (Antenna ii). Due to reduction in size, the matching has been improved in the lower UWB range, but the matching at the upper frequency range of UWB is still poor. In order to improve the matching in the upper UWB range, a small notch is introduced on the right middle part of of Antenna ii configuration in Figure 2 and is shown in Figure 2 as Antenna iii. A parametric study has also been done on the length of this notch (Cut l) which showed nonsignificant effect on S 11 as can be witnessed from Figure 3 . Based on these results, Antenna iii is chosen as the required radiator in the case of the proposed UWB MIMO antenna.
Antenna i
Antenna ii Antenna iii Figure 2 . Different radiator shapes from which the proposed antenna was evolved.
Effect of Ground Plane on Antenna Performance
The ground plane plays a significant role in terms of impedance matching for the proposed design of UWB MIMO antenna. Figure 4 shows step by step evolution of ground plane for the proposed antenna. In scheme for ground as mentioned in Figure 4 , Ground i represents a complete ground plane having a length equal to the length of the substrate, i.e., 14 mm, whereas in Figure 4 Ground ii shows a reduction in length (Grd l) from 14 mm to 10 mm. Also in Figure 4 , Ground iii, small notches (Grd cut l× Grd cut w) have been introduced to achieve improved coupling and better response in UWB range. Figure 5 presents S 11 for different ground configurations. By observing Figure 5 , it is evident that for Ground i the bandwidth is very narrow, and the matching above 4 GHz is very poor. A resonance can be seen at 3 GHz. To help improve the bandwidth, the length (Grd l) of the ground plane is reduced to 10 mm (Ground ii). This resulted in an additional resonance at around 7 GHz in addition to the resonance at 3 GHz ( Figure 5 ). However, the matching was still recognized poor within the whole band. To improve matching, rectangular notches of size Grd cut l× Grd cut w were created in the ground plane (Ground iii). This resulted in an improved matching throughout the band of interest as shown in Figure 5 . Also, notch width (Grd cut w) was forced to undergo the parametric study. Increase in the notch width resulted in an increase in bandwidth of the proposed antenna, as can be seen in Figure 5 . Figure 5 only shows the S 11 because the two radiating elements have exactly same geometry.
All simulations were performed using commercial EM simulation package CST, which is based on Finite Integration Methods [23].
RESULTS AND DISCUSSIONS
In order to verify the simulation results, the UWB MIMO antenna under consideration was fabricated, and its prototype version is shown in Figure 6 . To validate software pretended results, measurements were performed to measure S-parameters, radiation patterns, gain and performance related MIMO parameters such as Diversity Gain (DG) and Envelope Correlation Coefficient (ECC). The antenna performance matrices are discussed in Section 3.1 while MIMO performance parameters are discussed in Section 3.2. 
Antenna Performance
This section includes antenna performance parameters. The S-parameter results are shown in Figure 7 . From Figure 7 , it can be noticed that measured and software predicted results match very well. As the two radiators are identical with similar ground planes (S 11 is similar to S 22 ), Figure 7 only shows S 11 and S 21 . The bandwidth of impedance provided by the antenna under discussion is 10 GHz (2 GHz-12 GHz), with an isolation of −10 dB throughout the operating band, which is well accepted for a standard MIMO system [24, 25] . Figures 8 and 9 show 2-D radiation plots (E and H-plane) of the proposed UWB MIMO antenna at 3 GHz, 7 GHz and 12 GHz for both elements. Figure 8 presents the simulated and measured radiation patterns of antenna element 1 and antenna element 2 in E plane at 3 GHz, 7 GHz and 12 GHz, whereas Figure 9 presents the simulated and measured radiation patterns of antenna element 1 and element 2 in H plane at the above-mentioned frequencies. As clear from both Figures 8 and 9 , the designed antenna system elements show nearly omnidirectional radiation pattern pertaining to the whole frequency range. The gain factor of the antenna is presented in Figure 10 . The measured gain factor values at frequencies 3 GHz, 7 GHz and 12 GHz are 1.8 dB, 2.8 dB and 4.5 dB, respectively.
MIMO Performance Parameters
The parameters related to diversity performance of the suggested UWB MIMO antenna in terms of Diversity Gain (DG) and Envelope Correlation coefficient (ECC) are presented in this section.
Envelope Correlation Coefficient (ECC)
The correlation among the MIMO system branches is described by correlation coefficient, and the root of correlation coefficient is the Envelope Correlation Coefficient. ECC can be calculated by using 3-D radiation pattern (pattern Equation (2)) [26] and S-parameters (Equation (3)) [27] . In this paper simulated and measured ECCs are calculated by using Equation (3) . The ECC is shown in Figure 11 . In the chosen frequency band the ECC has been observed well below 0.5, which is an indication to good diversity enactment [24, 28] .
Under the excited port condition F → * i (θ, ϕ) is the field radiation pattern of antenna system, and "·" is regarded as Hermitian product.
The measured significance value for ECC is 0.054 at 2.6 GHz, as shown in Figure 11 .
Diversity Gain (DG)
Diversity gain or apparent diversity gain (G app ) determines the extent of improvement gained by using a multiple antenna system as compared to a single antenna system. In this study the diversity gain was calculated by using Eq. (4) [24, 29] . Figure 12 shows the measured DG value of suggested antenna. The value of G app is almost 10 dB at the required frequency band, which assures excellent MIMO enactment.
CONCLUSION
A new cross polarized 2 × 2 UWB-MIMO antenna system has been presented in this paper. The prototype antenna system was designed and fabricated. Antenna parameters such as radiation patterns, peak gain, ECC and gain diversity for the designed system have been simulated with software and measured. This UWB-MIMO antenna system consists of two 'F' shaped structures with a slottedfractured ground plane, and the two elements are fabricated back to back cross polarized to each other. The presented MIMO antenna system has very compact size, and the overall volume is 14×14×0.25 mm 3 . The overall fractional bandwidth of antenna system was measured as 141.5%. This value fulfills its ultrawideband response. Also the peak gain value of the antennas system is measured as 4.8 dB. A good agreement was attained between measured and simulated results for prototype design.
